Abstract: Determining when fish spawn has major implications for effective fisheries management, particularly in dam-controlled rivers where reproductive potential may be affected by an altered hydrograph. Three methods for estimating spawn timing in riverine broadcast spawners were compared for their precision, effort and potential impact on a population of Mountain Whitefish in the regulated Lower Duncan River, Canada. The first method is based on the Gonadosomatic Index (GSI), which is a measure of the relative mass of an individual's gonads. The second method is based on counts of aggregating adults, while the third method is based on passive egg collection using egg mats. Analysis of the GSI data provided the most precise estimates. It estimated that spawning occurred between October 30th and November 26th in 2010 and between November 8th and November 27th in 2011. Collection of GSI data required moderate effort and had some impact due to the need for lethal harvest. Analysis of the spawner counts using a simple Bayesian Area-Under-the-Curve model provided less precise estimates of spawn timing but the method likely had negligible impact on the population and required only moderate effort. Deployment of egg mats required high effort and collected insufficient information to derive statistical estimates of spawn timing. We discuss how information from different methods could be combined together into a single integrated model to maximize the precision while minimizing the effort and impact.
INTRODUCTION
Effective management of fish populations requires reliable estimates of the timing of key life history events [1] . This is particularly important in regulated rivers where changes in operations can influence both the timing of events and the subsequent survival. For example, the match/mismatch hypothesis states that even small phenological shifts in emergence timing can have large consequences for subsequent recruitment [2] . As changes to a river's thermal and hydrological regime can alter when fish spawn, how long eggs incubate and the environmental conditions pre-and postemergence, the potential for flow regulation to impact fish populations is profound. However, reliable estimates of spawn timing can sometimes allow operations to be temporally tailored to mitigate the impacts [3] .
Mountain Whitefish (Prosopium williamsoni) are an endemic fish (Family Salmonidae, Subfamily Coregoninae) to western North America and an important component of many western riverine ecosystems through their roles as invertebrate consumers and prey for large piscivores. Historically, Mountain Whitefish have not been as extensively studied as other native western salmonids, perhaps due to their lack of popularity as a sport fish and their perceived robust abundance [4] . However, more recent investigations on Mountain Whitefish have illustrated their sensitivity to changes in lotic environments from impoundment [5] and highlighted significant declines in at least some parts of their range [6, 7] . Causal mechanisms for the declining Mountain Whitefish populations remain unknown but are coincident with modified water flows, increased water temperatures, altered disease incidence and increased anthropogenic disturbances [5 -7] .
Mountain Whitefish are fall broadcast spawners [8, 9] . They usually spawn when temperatures drop below 10°C and exhibit peak spawning behaviour at temperatures less than 6°C [10, 11] . Not surprisingly, Mountain Whitefish populations in cooler environments tend to spawn earlier. For example, in Sheep Creek, Alberta, which is a high elevational stream in the Rocky Mountains, individuals spawn as early as late September [10] . Similarly in Utah, Mountain Whitefish spawn in the high elevation Blacks Fork River from mid-October to mid-November but spawn in the lower elevation Logan River during late November and early December [12] . In the lower Columbia River below Hugh L. Keenleyside Dam, which experiences elevated winter water temperatures due to a large upstream reservoir, Mountain Whitefish are still spawning as late as mid-February [13] .
The Lower Duncan River is a dam-headed system in southern British Columbia, Canada. Its temperature and flow regimes have been altered by the storage of water in the upstream Duncan Reservoir [14] . Earlier intensive egg mat studies had indicated that Mountain Whitefish in the Lower Duncan River spawn between September and December [15] . The current study was conducted to refine the spawn timing estimates and provided an opportunity to compare three different approaches.
Relative gonadal mass, counts of fish aggregations [16] and passive egg collection [17] all provide information about spawn timing in broadcast spawners. The Gonadosomatic Index (GSI) is a macroscopic measure of gonadal development that requires lethal sampling. It provides information on the accumulation and release of gametes. Fish aggregation counts provide information on the accumulation and dissipation of spawners while passive egg collection using mats or nets provide information on the temporal distribution of eggs in the water column.
To the best of our knowledge, the precision of spawn-timing estimates derived using the three different approaches has not been previously compared. We compare the three methods based on their precision, effort and potential for population-level impact. We also discuss how information from different methods could be combined together into a single integrated model to maximize the precision and accuracy while minimizing the effort and impact.
METHODS

Study Area
The Lower Duncan River is a hydroelectric, dam-headed system (Latitude: 50.25 Longitude: -116.95) that flows for 12.5 km below the BC Hydro operated Duncan Dam before entering the north end of Kootenay Lake (Fig. 1) in southern British Columbia (BC), Canada. Supplementary Map S1 is a kml file of the egg mat locations with their river kilometres so that the field site can be placed in a global context. The Duncan River's flows are augmented 1.1 km downstream of Duncan Dam by the Lardeau River (Fig. 1) , a major tributary that follows a natural hydrograph. The Duncan River drains an area of 2,443 km 2 and is part of the Columbia River basin via its role as a major tributary to Kootenay Lake, which in turn flows into the Kootenay River and then into the Columbia River at Castlegar, BC. The Duncan River provides habitat for Mountain Whitefish, Kokanee (Oncorhynchus nerka), Bull Trout (Salvelinus confluentus), Rainbow Trout (Oncorhychus mykiss), Burbot (Lota lota) as well as several forage fish species.
Field Data Collection
The field component of the current study was conducted in 2010 and 2011. Based on the findings of an earlier eggmat study [15] , field data were collected between September and December.
Fish Capture
Mountain Whitefish were captured for gonadal extraction by angling in 2010 and 2011 and boat electrofishing in 2011. Boat electrofishing was conducted in an upstream direction with the boat operator slowly orienting the front of the boat where two netters positioned themselves to capture fish. One of the two netters was in control of a foot switch that powered the unit on. If Bull Trout, a provincially Blue Listed species, were observed during boat electrofishing, the power to the electrofisher was cut until the fish was out of range. Netted fish were immediately placed in a live well that contained fresh river water. Once electrofishing was completed, fish were sorted, measured and euthanised as applicable. The boat electrofishing unit was a Smith-Root 7.5 Gas-Powered Pulsator (GPP) set to a frequency of 20 Hz, a duty cycle of 10% and a voltage between 320 and 500V depending upon the conductivity. When angling, fish were caught using beadhead flies or salmon roe on fly rods. Captured fish were either immediately released or immediately euthanised. In 2010, all captured fish were retained in order to determine the size at maturity by sex. In 2011, fish that were shorter than the maturity threshold and in good condition were released. All successful fish collection dates are indicated in Fig. (2) . 
Spawner Counts
Spawner surveys were done one hour after sunset by three observers with spotlights from a jet boat (two on the bow and one on the stern). Crew members recorded the spatial location and estimated size (number of fish) of each Mountain Whitefish aggregation observed. During the surveys the crew members regularly communicated to avoid double-counting. To minimize observer effects, two of the crew members were consistent throughout the study. In 2010, multiple locations were surveyed to determine where fish were consistently observed. In 2011, the stretch of mainstem river between 1.5 and 2.5 km downstream of Duncan Dam on the river left was surveyed on each visit as an index site (Fig. 1) . The 2011 fish survey dates are plotted in Fig. (3) . 
Egg Mats
Twelve egg mats were deployed on October 29th, 2010 at separate locations throughout the river (Fig. 1) . The twelve locations were either the site of historical egg collection [15] and/or were associated with the presence of adult Mountain Whitefish. The egg mats were made of synthetic latex coated hogshair (furnace filter material) between an angle iron frame (0.91 m by 0.76 m) and were anchored on the substrate with upstream anchoring plates. Filter material was present on both sides of the iron frame, so that the hogshair would face upward to capture eggs drifting in the water column when deployed to the river bottom. The mats were pulled and examined for eggs every six to 11 days until they were removed on December 28th, 2010 after two consecutive surveys produced no eggs ( Table 1) . A single mat was displaced downriver during the final deployment period. As it was filled with gravel from its downstream movement and the hogshair was not exposed, it was not considered to have fished for the final six day period. Due to the extremely low catch rate, egg mats were not deployed in 2011. 
Permitting and Access
Fish were obtained under scientific collection permit (No. CB10-65202) issued by the British Columbia Ministry of Forests Lands and Natural Resource Operations (MFLNRO). The study area was located on publicly accessible Crown land.
Fish Biometrics
Fish were processed in the lab within 12 hours of capture. Each fish was measured (fork length ± 1 mm) and weighed (± 0.1 g). Following dissection the weight of the stomach contents (± 0.1 g) and gonads (± 0.1 g) as well as the individual's sex were also recorded. Fish with no substantive gonadal development were categorized as immature [18] and excluded from the GSI analysis.
Data Preparation
Data was recorded on datasheets before being entered into custom spreadsheets and then imported into an Access database. Thirty percent of the data were manually checked for data entry errors. Data from the Access database were manipulated using R version 3.3.0 [19] and bundled together in the R data package mwstdatr [20] .
Gonadosomatic Index Data
GSI is a unitless measure of gonadal development. It is unitless because it divides the wet mass of the gonads (Ω g ) by the total wet body mass (Ω b ) minus the wet mass of the stomach contents (Ω s ) to produce a proportion (or percent).
(1)
Statistical Analysis
Based upon knowledge of life history and preliminary plotting exercises, the GSI data were analysed using a spawn timing model in which females spawned only once while males spawned multiple times. The spawner count data were analysed using a simple Area-Under-the-Curve (AUC) model [21] in which efficiency and residence time were combined into a single scaling parameter. There were insufficient eggs collected to model spawn timing from the egg mat data.
Model Structure
The spawn timing models for both the GSI and spawner count data assumed that the frequency of spawning was normally distributed (N(μ S , σ S )), i.e., spawning gradually increased through time to a single peak before decreasing at the same rate. The spawner count model assumed that the expected count on the x th day of the year followed the resultant normal probability density function, In contrast, the GSI model assumed that the expected GSI value for males declined from pre-spawning (β M ) to postspawning levels (α) following the the corresponding normal cumulative density function,
where,
(5)
such that the expectation for the i th male was,
with defining the day of capture. In effect, the model assumed that each male released their milt in multiple spawning events.
For the i th female the model assumed that the expected GSI value was Bernoulli distributed (B (1, p i ) ) between an increasing pre-spawning level and the post-spawning level so that In other words, the GSI spawn-timing model assumed that each female released their eggs in a single event.
In both the spawner and GSI models, a bias-corrected [22] log-normal distribution was assumed for the residual errors, the day of the year was centered prior to fitting and each year of available data was analysed separately.
The start (α), peak (κ) and end (ω) of spawning were defined to be when 2.5%, 50% and 97.5% of spawning had occurred, respectively. Each estimate has associated lower and upper 95% credible limits, i.e., α l and α u . The uncertainty in the spawn timing estimates was quantified in terms of both the interval between the start and end of spawning (Δ=ω-α), and the mean uncertainty in the estimates
Parameter Estimation
The spawn timing models, which were fitted within a Bayesian framework, assumed vague uniform and normal prior distributions [23] . The posterior distributions were estimated using a Monte Carlo Markov Chain (MCMC) algorithm. To guard against non-convergence of the MCMC process, five chains were run, starting at randomly selected initial values. Each chain was run for at least 10,000 iterations with the first half of the chain discarded for burn-in followed by further thinning to leave a minimum of 2,000 samples from each chain. The reported expected values are
the means of the posterior distributions and the 95% credible intervals (CRIs) are the 2.5% and 97.5% quantiles [24] .
Model Checking
Model convergence was confirmed by visually inspecting the MCMC chain traces and by ensuring that the BrooksGelman-Rubin convergence diagnostic for each of the parameters in the model [23, 25] . The vagueness of the priors was checked by visually comparing the shape and range of the resultant posterior distributions to their respective prior distributions. Model adequacy was validated by visual examination of the residual variation.
Software
The analyses were performed using R version 3.3.0 [19] , JAGS 4.2.0 [26] and the mwst2 R package [27] which was developed specifically for this paper. Supplementary Article S1 provides information on how to install the software and replicate the current results.
Results
Catch-Per-Unit-Effort
The mean angling Catch-Per-Unit-Effort (CPUE) was 1. .hr -1 ( Table 1) .
GSI
A total of 49 and 117 mature Mountain Whitefish were captured by angling or boat electrofishing in 2010 and 2011, respectively (Fig. 2) . Based on the 2010 dissections, the maturity threshold was defined to be 230 mm. In both years, males and females exhibited a clear decline in the GSI in November (Fig. 2) . Consistent with the model's assumptions, female GSI increased through the pre-spawning period while male GSI remained at a constant level.
The estimated interval between the start and end of spawning was relatively short (Δ = 23 days) while the average uncertainty in the estimates (Θ) was 15 days. The GSI model estimated that in 2010 spawning began on October 30th (95% CRI October 15th -November 8th), peaked on November 13th (95% CRI November 6th -November 17th) and ended on November 26th (95% CRI November 21st -December 3rd) (Fig. 4) and that in 2011 it began on November 8th (95% CRI October 25th -November 14th), peaked on November 18th (95% CRI November 15th -November 20th) and ended on November 27th (95% CRI November 22nd -December 11th) (Fig. 4) .
Spawner Counts
The peak count of 445 fish was recorded on November 14th, 2011 (Fig. 3) . Compared to the estimates from GSI, the timing of spawning based on the spawner count data was much more protracted (Δ = 87 days) and the estimates less certain (θ = 23 days). The spawner count model estimated that in 2011 spawning commenced on September 24th (95% CRI September 7th -October 5th), peaked on November 6th (95% CRI October 30th -November 13th) and ended on December 20th (95% CRI December 10th -January 5th) (Fig. 4) .
DISCUSSION
Methods for estimating spawn timing can be evaluated by looking at three factors: 1) the precision of their estimates, 2) the effort required to implement them, and 3) the impact of the method on the population. In the current study, the GSI-based approach provided the most precise estimates, took more effort than the spawner counts and less effort than the egg collection and had a high potential for impact on the population due to the required lethal sampling. The repeated adult spawner count method was less precise than the GSI approach but more precise than the egg mat method (i.e., sufficient data were collected from the adult counts to fit a model). Spawner counts took less effort than the egg mats and had less impact on the population than the GSI. The passive egg collection method using mats required the highest amount of effort, impacted five eggs, and provided insufficient data for analysis.
Although the GSI and spawner count models produced similar peak spawn timing estimates, the estimated duration of spawning was more protracted in the spawner count model: the GSI model estimated that spawning took 27 days in 2010 and 19 days in 2011 whereas the spawner count model estimated that in 2011 it took 87 days. There are at least two reasons for the spawner count model's high Δ value. The first, and perhaps most important, is that fish begin aggregating prior to spawning so that initial increases and (possibly later decreases) in spawner counts are decoupled ̂ 1.05 from spawning. Egg collection also suffers from decoupling in the sense that eggs drifting in the water column may be the product of earlier spawning events particularly following a flow increase. On the Lower Columbia River, a minimum of 12% of the eggs captured by mats were from earlier spawning events [17] . In the case of egg mats, the problem can be at least partly avoided by aging eggs based on their developmental stage. The second reason for the high Δ value is that each spawner count survey represents a single data point (n = 7). In contrast each mature fish in the GSI model contributes a data point (n = 49 in 2010 and n = 117 in 2011).
In the current study, the impact of the spawner counts and egg collection on the population were likely negligible. Although boat activity could conceivably cause spawners to move to less suitable habitat or in the case of extreme stress reabsorb their eggs, the only empirically observable impact of the boat counts was a slight disruption of the spawning activities. Similarly, the impact of the loss of five eggs on a broadcast spawner like Mountain Whitefish, which has evolved to release large numbers of eggs with a concomitant high mortality rate, is almost zero.
It is worth noting that for the same effort, the population-level impact of a GSI-based study increases with declining abundance but remains constant for spawner count and egg-mat based studies, i.e., GSI involves the dissection of the same number of fish irrespective of population status while spawner survey and egg collection disturb or collect the same proportion of the population. A corollary of this is that egg mat-based studies provide more precise estimates at higher abundance.
Gonadosomatic indices have been used on a diversity of different fish species [1] in a wide range of studies to infer spawn timing [1, 28] and duration [29] as well as the probability of an individual spawning [30] . GSI has also been used to quantify impoundment effects [3] , the seasonality of a mixed stock [31] , to differentiate spatial variance in spawn timing of stocks [32] and to determine the effects of photoperiod and temperature on coregonid gonad maturation [33] . The current study contributes to the modelling literature through the development of a single spawn-timing model that accounts for sex-specific differences in GSI patterns across the spawning period.
In the reproductive biology literature, GSI is often compared for accuracy and assessed for its ability to answer questions of timing in relation to microscopic techniques (e.g., histological assessment) [34 -36] . The repeatedly expressed challenge is that while histology is the most accurate approach to determining spawn timing, it requires the most resources and is therefore not always possible. Another identified challenge in the field of reproductive biology is the need for better conceptual and quantitative models [37] . These two problems of microscopic vs. macroscopic techniques and the need for improved modelling are not necessarily separate. In a broader ecological context, the question becomes one of optimizing field methods, lab approaches and analyses to reflect accurately the spawn timing.
Integrated models provide estimates based on the information in different datasets [38] . They are of interest in the current context because they would allow all the available information to be incorporated into a single model. Like recent integrated population models [39] , integrated spawn timing models would be state-space models [40] in the sense that they would account for the fact that processes like drifting eggs and aggregating spawners that are partly decoupled from actual spawning by explictly modelling them. As a result, integrated spawn timing models would not only provide the most reliable estimates but would also allow different methods to be used in different years depending on the required precision, available budget and population status.
In a broader context, integrated spawn timing models provide a conceptual and analytic framework to better understand spawning events over time [37] , and incorporate information from microscopic studies such as histological assessments [34 -36] . Perhaps most intriguingly of all they suggest the possibility of developing models that explain and predict the timing of key reproductive events on lifetime, annual, seasonal and diel cycles.
In conclusion, the GSI-based approach required moderate effort and had some impact on the population but provided the most precise estimates. Spawner counts also required moderate effort and likely had negligible impact but provided less precise estimates. Egg mats were labour intensive and had negligible impact on the population but provided insufficient information to estimate spawn timing. Integrated spawn-timing models provide a framework to better understand spawn-timing and maximize precision while minimizing effort and impact.
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